Abstract Production of the mycotoxin zearalenone (ZEN) was examined in drinking water inoculated with Fusarium graminearum. The strain employed was isolated from a US water distribution system. ZEN was purified with an immunoaffinity column and quantified by high-performance liquid chromatography (HPLC) with fluorescence detection. The extracellular yield of ZEN was 15.0 ng l −1 . Visual growth was observed. Ergosterol was also indicative of growth and an average of 6.2 μg l −1 was obtained. Other compounds were also detected although remain unidentified. There is no equivalent information available. More work is required on metabolite expression in water as mycotoxins have consequences for human and animal health. The levels detected in this study were low. Water needs to be accepted as a potential source as it attracts high quality demands in terms of purity.
Introduction
There is increasing awareness of the significance of fungi in drinking water (Hageskal et al. 2007 ). This includes unsightliness, blockages, odours, pigmentation, opportunistic pathogenesis and obvious growth. However, mycotoxin production may be of the greatest concern: there are few data in this area (Paterson and Lima 2005; Gonçalves et al. 2006) .
Fusarium graminearum is one of the most important mycotoxin-producing fungi. Strains produce deoxynivelenol (DON), nivalenol (NIV) and zearalenone (ZEN) (Fig. 1) .
ZEN is oestrogenic: it is associated with a wide range of effects on humans and animals and it may be an important aetiological agent of intoxication involving children (CAST 2003) . There is high concern about oestrogens in water as evidenced by the large amount of literature and often in relation to aquatic life (e.g. Soverchia et al. 2005) . NIV and DON are well-established mycotoxins (CAST 2003) . Furthermore, aurofusarin (AUS) is a characteristic red pigment and toxin of the fungus which imparts this to cultures and infected grains (Malz et al. 2005) .
It is not appreciated generally that growth of fungi in water is possible (Kelley et al. 2003; Criado et al. 2005) : the phenomenon has been recognised for decades. Kelley et al. (2003) indicated that the fungal lipid, ergosterol (ERG), can be used to assess growth in water as in many other situations and may be useful in setting limits to the amount of fungi in water. The contribution of fungi to odours is becoming more recognised (see Gonçalves et al. 2006) . Pigmentation is more difficult to associate with fungi due to the low levels of production in water. However, fungi as a whole are well known to produce pigments. There is very little information on mycotoxin production in this commodity.
Aflatoxins were detected in samples of stored tank water by Paterson et al. (1997) using immunoaffinity columns (IAC) directly to extract the compounds, in work that was in collaboration with the manufacturers. Furthermore, only trace amounts of aflatoxin B 1 were detected in domestic tap water. ZEN-like compounds were observed from the only sample tested of stored tank water, which also had been analysed for aflatoxins. It is of course very important to know what the base levels of toxins are in various waters and whether further fungal growth can increase these concentrations (Paterson 2006) . Criado et al. (2005) suggested that citrinin was produced in bottled water although there appeared to be inadequate controls employed in the exper-iment and the concentration was not determined. Kelley et al. (2003) provide information in a 3-year study on the significance of fungi in water distribution systems in the USA. Many secondary metabolites and mycotoxins were reported in a preliminary manner from fungi isolated during the study.
The results of inoculating a US F. graminearum strain in water and testing for ZEN are presented herein to provide a more accessible, fully described and interpreted report based on the preliminary information in Kelley et al. (2003) .
Materials and methods
F. graminearum (IMI 374111) was isolated from a raw water screen of the water distribution system at Water Works Park, Detroit, MI, USA in November 1996 (Kelley et al. 2003) . The fungus was identified from morphological characters by Dr. David Brayford (CABI Bioscience, UK) who was an expert in Fusarium taxonomy. Samples of water (100 ml) were filtered through 0.45 μm (Whatman) and plated onto half-strength cornmeal agar (Kelley et al. 2003 ) and the colonies removed for examination and preservation. The culture was isolated and grown on malt agar (Oxoid, Basingstoke, UK) at room temperature (ca. 20°C). A suspension of the fungus was prepared carefully and washed twice in laboratory deionised water to contain 3×10 3 colonyforming units (cfu) l −1 as determined by viable counts. The suspension was predominately conidia. The procedure was designed to give a pure aqueous spore suspension devoid of contamination with extraneous chemicals. Five Erlenmeyer flasks (250 ml) each containing 100 ml of drinking water (DW) from a tap located in Egham, UK were inoculated with 1 ml (i.e. equivalent of only 3 cfu) of the fungal suspension and incubated on a rotary shaker at room temperature (ca. 20°C) for 14 days. The small amounts of growth were estimated visually, i.e. 1=lowest and 3=highest growth.
Protocol
The basic protocol used was as follows: five flasks each containing 100 ml of water in which F. graminearum had grown were filtered. The ergosterol concentration of each residue was determined (see below) to give five determinations (Fig. 2) . Each 100-ml filtrate was passed through an IAC and then the column was used to analyse for ZEN (see below) which provided one pooled datum. Finally, each 100-ml filtrate was collected separately from the IAC and analysed by gradient high-performance liquid chromatography (HPLC) for presumed secondary metabolites (see below) to provide five chromatograms, one for each filtrate.
Ergosterol
The cultures were filtered and the individual filter papers and fungus were extracted for ergosterol after 14 days when significant growth was observed. Dried filter papers containing the biomass were refluxed in 60 ml methanol/ ethanol (5:1; v/v) with 10% (w/v) potassium hydroxide for 1 h. Filtrates were extracted with 60 ml petroleum ether and the extracts were rotary evaporated at 40°C to apparent dryness. The residue was dissolved in 2 ml methanol and filtered through a 0.45-μm filter (Millipore, Watford, UK) with three washes of methanol. This was rotary evaporated and re-dissolved in 200 μl HPLC methanol. HPLC analysis was performed using Waters equipment (600, 486 UV/VIS detector at 282 nm, 746 data recorder). The column was a reversed phase Nova-Pak C18 (3.9×150 mm). Elution was by HPLC grade methanol and the flow rate was 2 ml min −1 .
The retention time of ergosterol was 2.8 min. Concentration was determined by the use of ergosterol standards (Sigma, Bracknell, UK).
Zearalenone
The filtrate of five flasks was passed through an IAC (ca. 5 ml min −1 ) which was specific for ZEN (R-Biopharm Rhone Ltd., Glasgow, UK). A control of 500 ml DW was eluted through another column. The colour of the IAC was noted after these elutions. The columns were analysed for ZEN at R-Biopharm Rhone Ltd. (Glasgow, UK) following standard procedures as described in the company procedures document (EASI EXTRACT for zearalenone). Briefly, the column was washed by 20 ml distilled water. Acetonitrile (1.5 ml) was passed through the column at 1 drop s −1 followed by 1 ml of distilled water. HPLC was as recommended using an ODS-3 column, mobile phase was 60:40 (v:v) acetonitrile:water (pH 3.2 with acetic acid) and flow rate was 1.0 ml min −1 . Fluorescence detection was excitation 274 nm, emission 455 nm. Column temperature was 40°C. The peak area of the sample was compared with the peak area of controls of ZEN (Sigma, Bracknell, UK) to calculate concentration. ZEN had a retention time of 6.92 min in the standard protocol of R-Biopharm Rhone Ltd. The methods were developed with the participation of the company.
Secondary metabolites
The filtrates from the IAC were collected in 100-ml aliquots (i.e. 5×ca. 100 ml) and extracted with equal volumes of chloroform after elution through the IACs. The chloroform was subjected to rotary evaporation to apparent dryness and re-dissolved in ca. 1 ml HPLC water. This was used to inject the HPLC. One sample of HPLC grade water and three of DW were extracted similarly for controls and the peaks obtained were ignored if present in the inoculated samples. The HPLC conditions are provided in Fig. 3 as adapted from Paterson and Bridge (1994) . The HPLC was run at high sensitivity due to the predicted low concentration of metabolites produced in water. The tentative identities of metabolites based on retention times are not reported partly because standards were not available of all compounds. Odour detection was not attempted because of the potential health risk of inhaling volatile fungal compounds.
Results
Distinct growth was observed in all inoculated flasks whereas there was no growth in uninoculated control water as would be expected. The growth was of a "cotton wool" or gossamer morphology and was sparse compared to growth on high nutrient-containing media. However, there appeared to be a different quantity of growth in some of the flasks. One flask (Fig. 2) contained a small amount of growth [visual estimation (v.e.)=1]; another three flasks had approximately the same amount of growth (v.e.=2) and the remaining flask had a high amount of growth (v.e.=3). The concentration of ergosterol from the flasks correlated with the estimation of growth (Fig. 2) . The flasks with the v.e. of 1, 2 and 3 contained approximately 0.6, 4.0 and 18.0 μg l −1 ergosterol, respectively. The average ergosterol concentration from all flasks was 6.2 μg l −1 .
Furthermore, extracellular ZEN was detected from the five pooled flasks of DW (500 ml) at 15.0 ng l −1 .
Intracellular ZEN was not determined. Therefore, a yield of 0.5 μg ZEN mg −1 ergosterol was obtained.
Thirty-nine unidentified compounds were detected (Table 1 ) from the water which had been eluted through the IAC, and a typical chromatogram of these is provided ( Fig. 3 ; Table 1 ). The chromatograms gave the impression that a great deal of metabolic activity had occurred in the inoculated flasks by the observed presence of numerous peaks. A wide range of compounds were observed with different physical/chemical properties as indicated from the wide range of retention times. There were seven peaks which were present uniquely in all flasks (Table 1) . These ranged in retention time from 2.0 min to 36.2 min, although none were observed between 10 and 20 min. Peaks that were common to four of five (80%) flasks all eluted after 20 min through to 43.8 min. Some less common peaks were observed between 10 and 20 min in 40% (two of five) and 20% (one of five) of samples.
One of the five chromatograms is provided in Fig. 3 . The initial peaks may be discounted as the compounds probably did not interact with the column. Particularly large peaks were observed at 3.91, 14.69, 25.51 and apparently 45.45 min. However, the increase in absorbance from 33.51 to 43.53 min is due to the change in solvents from the gradient used. The subsequent decrease in absorbance from 45.83 min is correspondingly from the rapid change in solvents employed as described in the legend to Fig. 3 .
Many fewer peaks were observed from control DW and especially HPLC water controls. A red pigment was observed on the packing material of the IAC after the spent DW had been eluted.
Discussion
ZEN was detected readily in water inoculated with F. graminearum. The control of uninoculated water did not contain detectable ZEN. The fact that (a) the known ZEN producer, F. graminearum, was used in the experiment, (b) a specific IAC was employed to isolate and purify ZEN and (c) an HPLC peak was observed at the appropriate retention time are good proofs that ZEN was the compound detected. In contrast, Criado et al. (2005) employed qualitative thinlayer chromatography (TLC) for citrinin with conventional solvent purification. In the present case, ZEN was only analysed in the water and not the biomass. Hence, any very small amounts of ZEN added in the biomass as inoculum can be discounted. In addition, the inoculum was carefully prepared and washed as described and levels would have been extremely low, if present at all, and certainly below the concentration detected after 14 days growth.
Furthermore, the amount of ergosterol added in the inoculum would have been very small. It can been estimated that a single conidium contains 5 pg ergosterol (Pasanen et al. 1999) . Each flask was inoculated with only 3 cfu. Finally, the visual estimation of biomass in the inoculum used here was zero indicating low or no ERG.
ZEN is now regulated in many countries (Table 2) . It is structurally related to zearalenol, an anabolic growth promoter banned in the European Union in 1988. Statutory limits of ZEN in cereals vary from 50 to 1,000 μg kg −1 (FAO 2004) , and the levels detected in the water in this report are low and may not represent a particular threat. However, ZEN mimics the effects of the female hormone oestrogen and induces feminization at dietary concentrations of "less than" 1 mg kg −1 feed (CAST 2003) . The levels produced in water in this report were approximately 10 5 lower than that value and would not appear to be a risk per se. On the one hand, water is likely to be consumed at a high concentration compared to feed, and water fed to animals is likely to be impure and may be capable of supporting higher levels of ZEN production. One scenario which may be worth considering is if contaminated water was used to produce feed (especially if evaporation was involved) and also as a direct source of drinking water. In this case there may be sufficient ZEN to pass a threshold value for activity to occur. These points are balanced by the fact that many other factors would tend to reduce concentrations of ZEN in vivo compared to the experimental procedures employed in this report (e.g. competition from other microorganisms). However, the increased effects of combinations of mycotoxins and the inherently high purity standards demanded of drinking water need to be considered. More work is required to provide reliable identifications of the other metabolites produced in water (Fig. 3) . However, the data provided are at least a first step to indicate that secondary metabolites are produced. Of course, the peaks may represent other compounds such as amino acids, or degradation products of metabolism in general. The detection of the red pigment is interesting and it was possibly AUR, although more work is required to confirm identity. AUR is the well-known and characteristic pigment from this fungus (Malz et al. 2005) .
A key issue in this work relates to detection limits, repeatability and accuracy of ZEN analysis. It is intended that this work will provide a platform for further work using the most sensitive equipment such as mass spectrometry and magnetic resonance imaging analyses. In this present study, ZEN was produced in amounts which were quantified readily. However, the report of citrinin in bottled water production in (Criado et al. 2005 ) is undermined by the lack of data from controls. The current report indicated that the production of ZEN from F. graminearum in water is possible and provides information which may be useful in establishing base lines especially to indicate if abnormal concentrations are recorded at any time (Paterson 2006) . The data represent the first genuine report of mycotoxin production in drinking water and water in general. In conclusion, ZEN was produced readily in water from a strain of F. graminearum isolated from a water distribution system. In addition, the methods are recommended to monitor mycotoxin levels in water intended for human consumption and may form the basis of a standard method.
